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A  prototype  thermoelectric  system  integrated  with  PCM  (phase  change  material)  heat  storage  unit  for 
space  cooling  has  been  introduced  in  this  work.  The  PCM  heat  storage  functions  as  cooling  source  and 
carries,  partially  at  least,  the  cooling  load  during  cooling  operation.  A  simplified  analytical  model  for  the 
thermoelectric  module  has  been  adopted  to  investigate  the  theoretical  performance  characteristics  of  the 
modules.  The  experimental  test  in  a  reduced-scale  chamber  has  achieved  7  °C  temperature  difference 
between  “indoor”  and  “outdoor”  environments  and  realized  an  average  cooling  COP  (coefficient  of 
performance)  of  0.87  for  the  thermoelectric  cooling  system,  with  the  maximum  cooling  COP  of  1.22. 
Another  comparison  test  for  efficacy  of  PCM  heat  storage  unit  shows  that  35.3%  electrical  energy  has 
been  saved  from  using  PCM  heat  storage.  During  PCM  charging  (melting)  process,  natural  convection  has 
been  observed  playing  a  key  effect  factor  of  heat  transfer  in  PCM. 

Published  by  Elsevier  Ltd. 


1.  Introduction 

Thermoelectric  cooling  (or  Peltier  cooling)  effect  is  the  presence 
of  cooling  at  the  electrical  junction  of  two  different  type  conductors 
when  electric  current  passing  through  and  named  after  French 
physicist  Jean  Charles  Athanase  Peltier.  Although  this  effect  was 
discovered  in  the  19th  century,  it  has  long  suffered  from  the  inef¬ 
ficient  thermoelectric  material  and  was  restricted  to  niche  appli¬ 
cations  in  areas  including  aerospace,  military,  medical  and  scientific 
research  [1-4]. 

However,  in  fact,  thermoelectric  cooling  has  several  advantages 
over  their  conventional  counterparts  such  as  compact  in  size  and 
light  in  weight,  high  reliability,  no  mechanical  moving  parts  and 
thus  no  noise,  no  working  fluid  so  they  are  environmental  friendly, 
and  thermoelectric  cooling  can  be  powered  by  DC  (direct  current) 
which  means  easily  integrating  with  PV  (photovoltaic)  panels,  fuel 
cells  and  automobile  DC  electrical  sources.  At  this  stage,  commer¬ 
cial  applications  of  thermoelectric  cooling  are  available  for  portable 
refrigerators,  car  seats  and  electronic  cooling  devices,  but  applying 
thermoelectric  system  to  domestic  space  cooling  remains  much 
more  challenging. 

Gillott  et  al.  [5]  introduced  thermoelectric  cooling  devices  for 
small-scale  space  conditioning  application  in  buildings.  The  unit 
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assembled  can  generate  up  to  220  W  of  cooling  power  with  a  COP 
(coefficient  of  performance)  of  0.46.  Cheng  et  al.  [6]  developed  a 
solar-driven  thermoelectric  cooling  module  for  green  building  ap¬ 
plications.  The  cooling  module  was  able  to  produce  a  16.2  °C 
temperature  difference  between  the  ambient  and  a 
30  x  12  x  10  cm3  model  house.  He  et  al.  [7]  also  studied  a  solar 
driven  thermoelectric  cooling  system  for  a  0.125  m3  model  room. 
The  minimum  temperature  achieved  was  17  °C  with  COP  of  the 
thermoelectric  device  slightly  higher  than  0.45.  Shen  et  al.  [8] 
investigated  a  novel  thermoelectric  radiant  air-conditioning  sys¬ 
tem  which  employs  thermoelectric  modules  as  radiant  panels 
instead  of  conventional  hydronic  panels.  Miranda  et  al.  [9]  pre¬ 
sented  a  feasibility  study  of  thermoelectric  air  conditioner  for 
electric  vehicles.  However,  these  investigates  suffer  from  either  low 
COP  or  economically  unfeasible.  Riffat  and  Qiu  [10]  compared  the 
performances  of  thermoelectric  and  conventional  vapor  compres¬ 
sion  air-conditioners.  Results  showed  that  the  actual  COPs  of  vapor 
compression  and  thermoelectric  air-conditioner  were  in  the  range 
of  2.6— 3.0  and  0.38-0.45,  respectively.  Hermes  and  Barbosa  [11] 
also  concluded  that  thermodynamic  efficiency  of  thermoelectric 
cooler  was  only  1%  compared  to  14%  of  Stirling  and  reciprocating 
vapor  compression  refrigeration  systems. 

It  is  critical  to  increase  thermoelectric  cooling  system’s  COP  for 
expanding  their  applications,  which  can  be  achieved  by  the  thermal 
management  techniques.  Since  the  thermoelectric  cooling  system 
works  like  a  heat  pump,  thus,  removing  heating/cooling  energy 
generated  at  hot/cold  sides  promptly  during  the  system  operation 
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Nomenclature 

U 

voltage,  V 

V 

velocity,  m/s 

A 

area,  m2 

COP 

coefficient  of  performance 

Greek  symbols 

/ 

thermoelectric  module  packing  fraction  covered  by 

a 

Seebeck  coefficient,  V/I< 

thermoelement 

At 

time  interval,  s 

/ 

electric  current,  A 

P 

electrical  resistivity,  Q  m 

k 

thermal  conductivity,  W/m  K 

I< 

thermal  conductance,  W/m2  K 

Subscripts 

l 

thermoelement  height,  m 

c 

cold  side 

m 

mass  flow  rate,  kg/s 

eff 

effective 

n 

number  of  thermoelectric  modules 

h 

hot  side 

N 

number  of  thermocouples 

m 

thermocouple 

P 

electrical  power,  W 

mod 

module 

d 

energy,  J 

max 

maximum 

R 

electrical  resistance,  Q 

t 

total 

T 

temperature,  °C 

unit 

unit 

period  is  of  great  importance.  Compared  to  the  cold  side,  thermal 
management  in  the  thermoelectric  hot  side  is  more  challenging 
because  the  heat  flux  at  hot  side  is  larger  [12  .  There  exist  two 
approaches  to  lower  the  hot  side  temperature.  One  approach  is  to 
use  high  performance  heat  sinks  such  as  air  cooled  heat  sink  [13- 
15],  water  cooled  heat  sink  [16,17],  and  heat  pipes  [18,19],  while  the 
other  is  to  reduce  the  hot  side  HTF  (heat  transfer  fluid,  such  as 
water  or  other  coolant)  temperature.  Most  researchers  have  been 
focused  on  the  first  approach,  but  there  lacks  of  investigations  on 
the  latter  one. 

In  this  paper,  experimental  study  of  a  prototype  thermoelectric 
system  integrated  with  PCM  (phase  change  material)  heat  storage 
for  space  cooling  is  presented,  where  the  PCM  heat  storage  unit 
provides  the  thermoelectric  cooling  module’s  hot  side  with  rela¬ 
tively  lower  temperature  of  heat  transfer  fluid  (i.e.  water).  The 
purposes  of  this  study  are  three  folds:  1 )  to  investigate  how  electric 
current  and  hot/cold  side  temperature  difference  affect  the  per¬ 
formance  efficiency  of  the  thermoelectric  module;  2)  to  conduct 
thermoelectric  cooling  experiment  for  a  reduced-scale  model  room 
(a  2.1  m3  chamber);  3)  to  evaluate  the  effectiveness  of  PCM  heat 
storage  through  experimental  comparisons  between  different 
working  modes. 

2.  Experimental  apparatus  and  method 

The  tested  integrated  prototype  thermoelectric  cooling  system 
primarily  consists  of  a  thermoelectric  cooling  unit,  a  shell-and-tube 
PCM  heat  storage  unit,  an  air-water  heat  exchanger  and  the  piping 
system  as  shown  in  Fig.  1.  The  thermoelectric  cooling  unit  was 
installed  inside  a  chamber  that  was  located  in  a  lab  room.  During 
experiments,  the  temperature-controllable  lab  room  will  model  the 
ambient  environment  and  the  chamber  will  function  as  a  condi¬ 
tioned  space  (i.e.  the  reduced-scale  model  room  for  cooling  pur¬ 
pose).  Due  to  lab  room’s  temperature  controllability,  management 
of  the  cooling  load  in  the  chamber  can  be  realized  for  comparison 
study.  Heat  released  from  the  thermoelectric  cooling  unit  can  be 
pumped  out  through  piping  system  with  working  fluid,  that  is,  the 
hot  side’s  heat  transfer  fluid  (HTF),  water  here.  This  experimental 
system  has  the  capability  to  run  two  operation  modes,  which  are 
dissipating  generated  heat  to  outdoor  air  through  the  air— water 
heat  exchanger  (mode  1)  and  releasing  heat  to  the  shell-and-tube 
PCM  heat  storage  unit  (mode  2).  These  two  modes  can  be  easily 


switched  over  through  manually  controlling  valves.  Therefore,  this 
experimental  configuration  provides  the  potential  to  investigate 
the  thermoelectric  cooling  unit’s  performance  under  two  operation 
modes  for  the  same  cooling  load  by  maintaining  the  lab  room 
temperature  constant  (i.e.  within  ±0.3  °C),  while  the  ultimate  heat 
sink  is  the  outdoor  air  as  the  air— water  heat  exchanger  was 
installed  outside  and  the  PCM  heat  storage  unit,  which  would  be 
discharged  later  using  outdoor  air.  In  Fig.  1,  the  T  symbols  are  used 
to  show  the  temperature  measurements  but  each  symbol  may 
represent  more  than  one  temperature  measuring  point. 

The  schematic  diagram  and  photo  of  the  thermoelectric  cooling 
unit  are  shown  in  Fig.  2.  It  is  depicted  that  the  thermoelectric 
module  was  sandwiched  between  the  conductive  fin  and  the  water 
tank.  Two  axial  fans  were  installed  at  the  fin  side  to  enhance 
convective  heat  transfer.  In  addition,  a  finned  coil  was  employed  in 
the  water  tank  to  achieve  better  heat  exchange. 

A  schematic  diagram  and  a  photo  of  the  shell-and-tube  PCM 
heat  storage  unit  are  depicted  in  Figs.  3  and  4.  The  storage  unit 
consists  chiefly  of  a  finned  inner  tube,  an  outer  tube  and  a  well- 
insulated  rectangular  shell  envelope.  The  annulus  space  between 
inner  tube  and  outer  tube  was  filled  with  PCM.  The  inner  tube  was 
made  of  copper  and  has  a  size  of  0.025  m  inner  diameter  (i.d.)  and 
0.027  m  outer  diameter  (o.d.),  and  the  outer  stainless  steel  tube  has 
a  size  of  0.191  m  (i.d.)  and  0.203  m  (o.d.).  Sizes  of  the  HTF  water 
pipelines  are  the  same  as  the  inner  tube.  Lengths  of  the  inner  and 
outer  tubes  were  both  1  m.  During  the  charging  (melting)  process, 
PCM  is  initially  in  solid  phase  and  heat  transfer  fluid  (i.e.  water)  will 
flow  through  inside  of  the  inner  tube  and  exchange  heat  with  PCM. 
When  a  charging  process  finishes,  PCM  will  all  convert  into  liquid 
phase.  Throughout  the  charging  process  there  is  no  noticeable  heat 
exchange  between  the  PCM  heat  storage  unit  and  the  lab  room  air 
because  both  the  outer  tube  and  the  shell  envelope  were  insulated. 
The  discharging  (solidifying)  process  is  somehow  like  a  reverse  of 
the  charging  process,  during  which  the  outdoor  air  will  be  pushed 
by  a  fan,  generally  at  night,  to  blowing  through  the  space  between 
outer  tube  and  the  rectangular  shell  envelope  and  PCM  will  thus  be 
discharged. 

The  thermoelectric  module  used  in  this  study  was  RC12-8.  PCM 
used  was  RT22,  which  has  a  melting  temperature  of  19-23  °C  (with 
main  peak  at  22  °C)  and  heat  storage  capacity  of  200  kj/kg.  Detailed 
thermalphysical  properties  of  the  PCM  are  provided  in  Table  1.  The 
HY3005D  DC  power  supply  device  was  used  to  provide  direct 
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Fig.  1.  Schematic  diagram  of  the  experimental  setup  for  the  prototype  thermoelectric  cooling  system. 


current  power  for  thermoelectric  modules.  The  chamber  has  a 
dimension  of  1.2  x  0.9  x  1.9  (L  x  W  x  H)  m3  with  total  volume  of 
2.1  m3.  The  chamber  wall  was  made  of  5.1  cm  thick  extruded  foam 
board  with  heat  transfer  coefficient  of  0.568  W/m2  K. 

In  operation,  the  prototype  thermoelectric  cooling  system  can 
switch  between  the  two  working  modes  based  on  outdoor  air 
temperature  conditions.  For  example,  if  outdoor  air  temperature  is 
relatively  low,  such  as  in  the  early  morning  or  late  afternoon,  the 
working  mode  1  will  be  on  operation  and  heat  generated  by  space 
cooling  will  be  dissipated  to  the  outdoor  environment.  In  contrast, 
when  outdoor  air  temperature  is  high,  the  PCM  heat  storage  unit 
will  be  activated  and  the  system  will  operate  in  mode  2.  At  night, 
the  PCM  heat  storage  unit  will  be  discharged  through  using  rela¬ 
tively  cool  outdoor  air.  Therefore,  PCM  with  appropriate  melting 
temperature  suitable  for  local  weather  conditions  should  be  care¬ 
fully  selected  in  order  to  use  “free  cooling”  at  night  for  “re-gener¬ 
ating”  the  PCM. 

3.  Mathematical  modeling  of  the  thermoelectric  module  and 
thermoelectric  cooling  unit 

There  are  various  modeling  approaches  for  the  thermoelectric 
modules  including  the  simplified  energy  equilibrium  model 
[5,7,8,17,20-22],  numerical  compact  model  [23],  one-dimensional 


[24,25]  and  three-dimensional  [26]  modeling  techniques  with 
considerations  of  steady  or  transient  states  [27,28].  In  general,  more 
sophisticated  models  capture  more  characteristics  in  details  but 
more  modeling  efforts  and  computing  costs  are  needed. 

In  this  study,  to  characterize  the  thermoelectric  module’s 
theoretical  performance,  a  steady-state  simplified  energy  equilib¬ 
rium  model  has  been  applied  in  this  study.  The  model  is  based  on 
the  assumption  that  thermalphysical  properties  of  the  thermo¬ 
electric  material  are  temperature  independent  and  Thomson  effect 
is  neglected.  The  heat  absorbed  at  the  cold  side  (Qc)  and  released  at 
the  hot  side  (Qh)  is  quantified  by  Eqs.  (1)  and  (2),  respectively. 

Qc  =  aITc  -  0.5 12R  -  I<(Th  -Tc)  ( 1 ) 

Qh  =  aITh  +  0.5 12R  -  I<(Th  -  Tc)  (2) 

where,  a  represents  module  Seebeck  coefficient;  I  is  electrical 
current;  R  denotes  module  electrical  resistance;  I<  is  module  ther¬ 
mal  conductance;  Th  and  Tc  are  temperatures  at  module  hot  and 
cold  sides,  respectively. 

Electrical  power  input  (Pm od)  of  the  thermoelectric  module  is; 
Pmod  =  I2R  +  aI(Th-Tc)  (3) 


Fig.  2.  Schematic  diagram  and  photograph  of  the  thermoelectric  cooling  unit. 
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Fig.  4.  Photograph  of  the  PCM  heat  storage  unit  during  charging  process. 


Thus  the  theoretical  cooling  COP  (COPmod)  of  the  thermoelectric 
module  is  then  derived  as: 

COPmod  =  (4) 

1  mod 

The  module  electrical  resistance  ( R )  and  thermal  conductance 
(I<)  can  be  computed  from  material  electrical  resistivity  (p)  and 
thermal  conductivity  (/<)  from  Eqs.  (5)  and  (6).  The  module  Seebeck 
coefficient  is  derived  from  Eq.  (7) 


4  N2lp 

A f 

(5) 

4 

(6) 

N(Xm 

(7) 

where,  N  is  the  number  of  thermocouples  in  a  thermoelectric 
module;  A  is  the  uniform  cross-section  area  of  the  module;  l  is  the 
thermoelement  height;  am  is  Seebeck  coefficient  of  a  thermocouple 
with  the  assumption  that  p-type  and  n-type  thermoelements  have 


the  same  Seebeck  coefficient  except  opposite  direction;  and /is  the 
packing  fraction  covered  by  thermoelement. 

However,  the  thermoelectric  module  manufacturers  generally 
would  not  provide  material  thermalphysical  properties  such  as 
thermocouple  Seebeck  coefficient  ( am ),  thermal  conductivity  (/<) 
and  electrical  resistivity  (p).  Chen  and  Snyder  [23]  developed  a 
method  using  operation  parameters  Qmax,  ATmax,  and  Jmax  to 
interpret  out  material  thermalphysical  properties  as  shown  from 
Eqs.  (8)— (10).  Table  2  shows  the  technical  specifications  of  RC12-8 
that  is  adopted  as  thermoelectric  modules  for  the  prototype  ther¬ 
moelectric  cooling  system  in  this  study. 


„  _  Qmax  (7/  -  ATmax) 

m  _  NT2 1 

iyilYl1max 

(8) 

Af (7h  —  ATmax)2  Qmax 

27-2/  JV2/2ax 

(9) 

i  _  ^(Th  —  ATmax)  Qmax 

AfT ^  ATmax 

(10) 

From  air  side,  the  thermoelectric  cooling  unit’s  cooling  capacity 


Table  1  Table  2 

Thermophysical  properties  of  the  PCM  RT22  used  in  this  research.  Technical  specifications  of  RC12-8  (hot  side  temperature  at  300  K)  [29]. 


Property 

RT22 

Item 

Properties 

Melting  temperature  (°C) 

19-23  (main  peak:  22) 

Dimensions  (I  x  W  x  H,  mm) 

40  x  40  x  3.5 

Heat  storage  capacity  (kj/kg) 

200 

Qmax  (W) 

71 

Density  (kg/m3) 

880  (solid),  770  (liquid) 

/max  (A) 

7.4 

Thermal  conductivity  (W/m  K) 

0.2 

Umax  (V) 

14.7 

Total  volume  (L) 

18.7 

A  Tmax(°C) 

66 

Total  mass  (kg) 

-15.4 

ZT  factor 

0.74 
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(Qunit)  can  be  evaluated  and  the  unit’s  COP  (COPunit)  is  thus  defined, 
by  the  following  equations: 

Qunit  ~  ^p,air^(^in,air  —  ^out,air)  (H) 


C0Punit  =  -JasL  (12) 

111  mod 

where,  m,  T[n<  air  and  Tou t,  air  are  the  mass  flow  rate,  inlet  and  outlet 
temperatures  of  the  air  stream  passing  through  the  cooling  unit, 
respectively. 

The  analytical  modeling  results  for  the  thermoelectric  module’s 
cooling  COP  and  cooling  capacity  are  shown  in  Figs.  5  and  6, 
respectively.  The  module  was  evaluated  at  hot  side  temperature 
fixed  at  300  K.  Fig.  5  gives  that  for  each  given  hot/cold  side  tem¬ 
perature  difference  (AT),  there  exists  an  optimum  electric  current 
leading  to  maximum  cooling  COP,  and  the  optimum  current  in¬ 
creases  with  increasing  AT.  For  each  curve,  the  cooling  COP  first 
increases  and  then  decreases  with  increasing  electric  current 
because  large  electric  current  will  generate  more  Joule  heat  which 
will  offset  the  Peltier  cooling  effect.  As  electric  current  increases, 
Joule  heat  will  gradually  dominate  and  thus  these  curves  demon¬ 
strated  a  converging  trend.  Fig.  6  shows  that  the  thermoelectric 
module’s  cooling  capacity  increases  with  electric  current 
increasing,  and  also  increases  with  the  temperature  difference 
decreasing.  However,  the  cooling  capacity  definitely  will  not  in¬ 
crease  to  infinite  as  the  curve  will  turn  to  a  convex  shape  when 
electric  current  continually  increases.  Huang  [30]  and  Wang’s  [31] 
research  on  thermoelectric  module’s  performance  presented 
almost  the  same  results  as  shown  here  but  using  a  more  detailed 
and  heat-electricity  coupled  modeling  approach. 


Fig.  6.  Thermoelectric  module’s  cooling  capacity  versus  electric  current  at  different 
hot/cold  side  AT  (Th  =  300  K). 


cooling  capacity  of  15-20  W  for  each  module  at  an  electric  current 
of  1.5-2.1  A.  The  experiment  in  this  work  adopted  electric  current 
2.5  A  in  order  to  approach  slightly  greater  cooling  capacity  but  still 
have  high  COP  values.  Total  15  thermoelectric  modules  have  been 
used  in  this  experimental  study  with  electrical  connection  in  par¬ 
allel  to  achieve  theoretically  225-300  W  cooling  capacity.  During 
operation,  the  mass  flow  rate  of  HTF  water  through  the  inner  tube 
was  maintained  constant  and  was  0.065  kg/s. 


4.  Results  and  discussion 

As  shown  in  Figs.  5  and  6,  the  thermoelectric  module’s  high 
cooling  COP  usually  corresponds  to  low  cooling  capacity  and  high 
cooling  capacity  occurs  with  low  cooling  COP.  Therefore,  thermo¬ 
electric  cooling  system’s  optimization  process  is  basically  to  find  a 
best  balanced  point  for  both  cooling  capacity  and  COP.  For  the 
thermoelectric  modules  used  in  this  study,  the  hot/cold  side  tem¬ 
perature  difference  AT  will  fall  within  the  range  of  10-15  °C  due  to 
space  cooling  application,  which  results  in,  from  Figs.  5  and  6,  a 
maximum  theoretical  module  COP  of  1.5-2.0  and  corresponding 


Fig.  5.  Thermoelectric  module’s  cooling  COP  versus  electric  current  at  different  hot/ 
cold  side  AT  (Th  -  300  K). 


4.1.  Performance  study  of  the  thermoelectric  cooling  system  using 
PCM  as  heat  storage 

Experimental  tests  for  the  thermoelectric  cooling  system  have 
been  carried  out  in  the  Architectural  Engineering  research  facility 
located  at  the  University  of  Wyoming,  Laramie,  WY,  USA.  In  the 
experiment  to  study  the  thermoelectric  cooling  system’s  perfor¬ 
mance  characteristics,  the  air  temperature  of  the  lab  room,  which 
was  modeling  the  outdoor  environment,  was  maintained  at  30  °C 
(see  Fig.  1)  and  the  PCM  initial  temperature  was  set  to  approxi¬ 
mately  21  °C  on  average. 


Fig.  7.  Air  temperature  variations  in  the  lab  room  and  the  chamber  during  the  cooling 
process. 
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Fig.  8.  Thermoelectric  module’s  hot  and  cold  side  temperatures  throughout  the 
experimental  test. 

Fig.  7  gives  the  air  temperature  variations  in  the  lab  room  and 
the  chamber  for  a  2-h  experiment  period.  The  chamber  air  tem¬ 
perature  dropped  down  very  fast  at  the  beginning  10  min  to  below 
22  °C.  Since  then,  the  chamber  air  temperature  rose  gradually.  The 
overall  average  air  temperature  in  the  chamber  for  the  entire  2-h 
period  was  approximately  23  °C,  7  °C  lower  than  the  lab  room  air 
temperature.  Thermoelectric  module  hot  and  cold  sides’  tempera¬ 
tures  are  shown  in  Fig.  8.  Except  the  10-min  beginning  period,  the 
temperature  difference  between  hot  and  cold  sides  was  maintained 
at  a  relatively  steady  level,  slightly  increasing  from  11  °C  to  13  °C. 
Though  input  electric  current  is  unchanged,  the  increase  of  hot/cold 
side  temperature  difference  will  lead  to  increasing  electrical  energy 
consumption  as  shown  by  Eq.  (3),  because  larger  temperature  dif¬ 
ference  made  it  harder  to  “pump”  heat  from  the  cold  side  to  the  hot 
side. 

The  cooling  COP  was  calculated  using  Eq.  (12).  Variation  of  the 
cooling  COP  and  cooling  capacity  is  depicted  in  Fig.  9,  which  shows 
that  the  maximum  cooling  COP  value  of  1.22  was  achieved  at  the 
10-min  operation  point.  The  overall  average  cooling  COP  for  the 
entire  experiment  was  0.87.  The  cooling  capacity  has  shown  almost 
the  same  trend  as  the  cooling  COP  and  the  maximum  cooling  ca¬ 
pacity  achieved  was  210  W.  The  cooling  capacity  and  COP  decreased 


0:00  0:20  0:40  1:00  1:20  1:40  2:00 

Time  (h:mm) 

Fig.  9.  The  thermoelectric  system’s  cooling  COP  and  cooling  capacity  variations 
throughout  the  experimental  test. 


with  experiment  moving  on  because  PCM  temperature  was 
increasing  when  more  heat  was  released  from  the  thermoelectric 
cooling  unit  to  PCM,  leading  to  thermoelectric  unit’s  hot  side 
temperature  rising. 

Both  cooling  COP  (1.22)  and  cooling  capacity  (210  W)  from  the 
experiment  were  lower  than  the  values  from  analytical  modeling, 
which  is  mainly  because  thermal  resistances  at  the  thermoelectric 
module  hot/cold  sides  lead  to  the  cooling  performance  reduction. 
Comparison  to  some  previous  thermoelectric  cooling  studies  is 
listed  in  Table  3. 

During  this  PCM  charging  (melting)  process,  FITF  water  carried 
heat  from  the  thermoelectric  cooling  unit  to  pass  through  the  PCM 
heat  storage  unit,  where  water  temperature  decreased  and  PCM 
melted.  Three  thermocouples  were  placed  into  PCM  to  record  PCM 
temperature  changes  and  their  locations  are  shown  by  black  dots  in 
Fig.  10,  named  lower,  medium,  and  upper  according  to  their  posi¬ 
tions  along  radius  direction. 

PCM  temperature  variations  at  these  three  points  are  depicted 
in  Fig.  11,  from  which  the  PCM  charging  (melting)  process  may  be 
divided  into  three  stages.  The  first  stage  (pre-melting  stage)  was 
approximately  from  time  0:00  to  time  0:40  (40  min  in  length), 
where  heat  conduction  dominated  the  heat  transfer  within  PCM 
because  PCM  was  mainly  in  solid  phase.  During  this  stage,  PCM 
temperature  at  the  lower  thermocouple  location  increased  faster 
than  temperatures  at  the  other  two  because  the  lower  one  was 
located  closer  to  the  inner  tube.  Also,  these  three  curves  show  the 
initial  temperatures  of  PCM  were  not  uniform  and  had  temperature 
stratification  caused  by  the  discharging  (solidifying)  process,  but 
the  PCM  average  temperature  was  about  21  °C.  The  second  stage 
(melting  stage)  was  approximately  from  time  0:40  to  time  1:10 
(30  min  in  length).  When  PCM  near  the  inner  tube  region  has 
melted,  a  coexisting  phenomenon  of  melted  liquid  phase  and  non- 
melted  solid  phase  PCM  would  occur,  with  the  melting  interface 
gradually  approaching  towards  a  larger  radius.  Then,  natural  con¬ 
vection  was  generated  in  the  liquid  region  caused  by  buoyancy 
force.  Both  heat  conduction  and  natural  convection  worked  for  heat 
transfer  within  PCM.  Three  dashed  lines  (A,  B,  and  C)  in  Fig.  11 
indicate  the  approximate  melting  moments  for  PCM  located  at 
the  lower,  medium,  and  upper  points,  respectively.  Once  the  upper 
layer  of  PCM  started  melting,  the  entire  region  of  PCM  was  con¬ 
verted  into  liquid  phase  while  the  temperature  difference  between 
the  lower  layer  and  the  upper  layer  was  great,  about  7  °C,  which 
triggered  natural  convection  within  the  melted  PCM.  The  natural 
convection  was  so  strong  that  a  mixing  effect  can  be  observed  from 
Fig.  11:  the  medium  and  upper  points  melted  almost  simulta¬ 
neously  and  lower  point  even  experienced  a  temperature  drop  at 
time  1 :05.  These  phenomena  would  not  happen  if  heat  conduction 
has  dominated  heat  transfer.  The  third  stage  (post-melting  stage) 
was  from  time  1 : 10  to  time  2:00  (50  min  in  length).  After  PCM  at  all 
three  thermocouple  locations  melted,  heat  conduction  would 
dominate  heat  transfer  again  because  all  three  temperatures 
increased  gradually  in  parallel  and  there  was  no  mixing  effect 
•g  observed.  In  this  stage,  natural  convection  effect  became  small  as 
g  the  temperature  difference  within  the  PCM  was  small.  The  reason 

O) 

"o 

o 

°  Table  3 

Comparison  with  some  previous  thermoelectric  cooling  researches. 


Modules  Operation  Cooling  COP  Reference 

current  (A)  capacity  (W) 


Eight  pieces  UT8-12-40-RTV 

4.8 

220 

0.46 

[5] 

One  piece  127-03 

- 

-20 

0.45 

[7] 

One  piece  TEC1 -12706 

1.2 

<5 

1.77 

[8] 

Two  pieces  6L 

-2.8 

20 

0.45 

[18] 

Fifteen  pieces  RC12-8 

2.5 

165 

0.87 

This  work 
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of  the  lower  point  temperature  increasing  slightly  faster  in  the  third 
stage  than  that  in  the  first  stage  mainly  attributes  to  that  liquid 
PCM’s  thermal  conductivity  is  greater  than  solid  PCM’s  thermal 
conductivity.  Fig.  11  also  shows  inlet  and  outlet  temperature  vari¬ 
ations  for  the  PCM  heat  storage  unit’s  HTF  water.  With  progress  of 
the  experiment  the  temperature  difference  between  inlet  and 
outlet  HTF  water  gradually  reduced  from  2.1  °C  at  the  beginning  to 
0.5  °C  in  the  end. 

Experiment  of  discharging  (solidifying)  process  took  place  at 
night  after  outside  air  temperature  dropped  down.  In  this  experi¬ 
ment,  we  conducted  an  11  -h  discharging  test  that  started  from 
8:30pm  and  continued  to  the  next  morning  as  shown  in  Fig.  12. 
During  the  discharging  process,  PCM’s  average  temperature 
reduced  from  33.6  °C  to  17.5  °C.  All  three  measured  PCM  temper¬ 
atures  changed  in  almost  the  same  tendency.  The  upper  point 
temperature  was  the  lowest  one  because  it  was  the  closest  to  the 
heat  transfer  fluid  (i.e.  air).  For  each  PCM  temperature,  there  was  a 
turning  point  at  around  22  °C,  which  clearly  indicated  the  main 
peak  melting  point  temperature  of  PCM.  The  difference  between 
temperature  decreasing  rates  before  and  after  the  turning  point 
was  primarily  due  to  the  different  liquid  and  solid  PCMs’  thermal 
conductivity,  while  the  liquid  PCM  has  greater  thermal  conductiv¬ 
ity.  The  heat  transfer  mechanism  throughout  the  discharging 


process  shows  heat  conduction  dominance  as  all  the  PCM  tem¬ 
peratures  changed  in  parallel  and  smoothly. 

4.2.  Study  of  energy  savings  of  the  thermoelectric  cooling  system 
using  PCM  as  heat  storage 

Experimental  results  above  give  a  general  view  of  thermoelec¬ 
tric  cooling  system  integrated  with  PCM  heat  storage.  In  this  sec¬ 
tion,  the  efficacy  of  PCM  heat  storage  has  been  investigated  through 
a  comparison  experimental  study.  Two  separate  thermoelectric 
cooling  lab  experiments  have  been  conducted  through  outdoor  air 
heat  dissipation  (mode  1)  and  using  PCM  heat  storage  (mode  2), 
respectively,  with  all  other  experimental  conditions  kept  approxi¬ 
mately  the  same.  Both  experiments  lasted  for  a  2-h  period  and  both 
experiments  were  applied  the  same  electric  current  and  voltage. 

The  lab  room  temperature  was  maintained  at  30  ±  0.3  °C  as 
shown  in  Fig.  13.  The  chamber  temperature  was  controlled  at 
24  ±  0.3  °C  through  manual  on/off  control  of  the  thermoelectric 
cooling  system. 

Fig.  13(a)  presents  experimental  result  of  mode  1  while  Fig.  13(b) 
is  for  mode  2.  From  Fig.  13(a),  outdoor  air  temperature  was  rela¬ 
tively  high  during  the  experiment  in  the  range  of  30-33  °C.  The 
thermoelectric  cooling  system  only  shut  off  for  a  4-min  break 
during  the  2-h  experiment  in  mode  1.  In  contrast,  for  the  similar 
cooling  requirement  (i.e.  cooling  load)  because  the  lab  room  tem¬ 
perature  was  maintained  the  same  level  across  two  experiments 


D.  Zhao,  C.  Tan  /  Energy  68  (2014)  658-666 


665 


(a) 


(b) 


Fig.  13.  Comparison  experiments  for  thermoelectric  cooling  with  heat  dissipation  to 
(a)  outdoor  ambient  air  (mode  1),  and  (b)  PCM  heat  storage  unit  (mode  2). 


more  on/off  switches  have  been  applied  with  an  observed  zigzag 
type  change  for  chamber  air  temperature  during  the  experiment  in 
mode  2  (see  Fig.  13(b)).  It  also  can  be  seen  that  cooling  capability  of 
the  thermoelectric  system  with  PCM  heat  storage  gradually 
decreased  because  as  time  went  by,  it  took  longer  for  the  thermo¬ 
electric  cooling  system  to  cool  down  the  chamber. 

When  experiments  finished,  the  cooling  system’s  running  time 
has  been  added  together  for  each  experiment  and  obtained  116  and 
75  min  for  mode  1  and  mode  2  experiments,  respectively.  Since  the 
input  electric  current  and  voltage  were  kept  the  same  during  the 
entire  experiment  for  both  experiments,  the  electric  power  usage 
should  be  proportional  to  the  system’s  total  running  time.  There¬ 
fore,  the  energy  savings  can  be  estimated  and  an  approximate 
35.3%  of  electrical  energy  has  been  saved  through  using  the  PCM 
heat  storage  unit  from  the  comparison  experiments. 

An  alternative  approach  to  show  the  efficacy  of  PCM  heat  stor¬ 
age  is  through  using  the  effective  cooling  COP  (COPeff)  for  the  entire 
experiment,  which  is  defined  in  Eq.  (13)  using  total  cooling  power 
achieved  (Qt)  divided  by  total  electrical  power  input  (Pt). 


Table  4 

Uncertainty  analysis  for  measured  variables. 


Variable 

Typical 
value  (x) 

Uncertainty 

(<5x) 

Relative 

uncertainty  (<5x/x) 

E-Room  (°C) 

30 

0.2 

0.67% 

E_chamber(°C) 

22-30 

0.1 

0.45% 

E-Ambient(°C) 

30-33 

0.1 

0.33% 

E_pcm  (°C) 

20-35 

0.1 

0.5% 

E-air,  inlet  (°C) 

20-30 

0.1 

0.5% 

E_ air,  outlet  (°C) 

15-30 

0.1 

0.67% 

U(V) 

0-30 

- 

0.5% 

1(A) 

0-5 

- 

1% 

V-air  (m/s) 

2-3 

0.1 

5% 

COP 


(Qunit 

X^  (nPrnod)i^i 


(13) 


From  this  definition,  the  effective  cooling  COPs  in  the  2-h  ex¬ 
periments  for  mode  1  and  mode  2  have  been  calculated  and  the 
results  are  0.50  and  0.78,  respectively.  Without  PCM  heat  storage, 
the  effective  COP  of  the  2-h  experiment  for  mode  1  was  0.50,  which 
shows  comparable  performance  efficiency  as  other  researches  [5,7]. 
But  with  PCM  heat  storage,  the  system’s  effective  COP  value 
increased  to  0.78,  which  demonstrates  the  important  contribution 
of  the  PCM  heat  storage  when  integrating  with  the  thermoelectric 
cooling  system. 


4.3.  Uncertainty  analysis  and  reproducibility  of  the  experiment 
results 

All  the  temperature  measurements  in  the  experiments  were 
conducted  by  using  pre-calibrated  T-type  thermocouples  with  an 
accuracy  of  ±0.1  °C.  Air  velocity  measurements  have  been 
completed  using  EA-3010U  anemometer  which  has  a  resolution  of 
±0.1  m/s.  Average  values  of  air  velocity  and  temperature  were  ob¬ 
tained  through  10  measuring  points  at  the  air  inlet  and  outlet  cross- 
section  of  the  thermoelectric  cooling  unit  for  computing  cooling 
capacity.  A  TP4000ZC  digital  multi-meter  was  used  to  measure  the 
voltage  with  0.5%  accuracy  and  the  current  with  1.0%  accuracy. 

When  the  uncertainties  in  measured  quantities  were  estimated 
and  tabulated  in  Table  4,  the  overall  uncertainty  analysis  for 
calculated  quantities  was  accomplished  through  using  the  RSS 
(root-sum-squares)  method  described  by  Moffat  [32].  The  uncer¬ 
tainty  of  each  calculated  variables  was  estimated  with  95%  confi¬ 
dence.  The  uncertainty  analysis  of  cooling  COP  was  presented  as  an 
example  in  Eq.  (14).  The  relative  uncertainty  of  cooling  COP  was 
estimated  within  the  range  of  1.3%— 2.6%. 

As  shown  in  Table  4,  the  temperature,  air  velocity,  and  electrical 
power  measurements  were  accurate  and  reliable  in  the  experi¬ 
ments.  However,  regarding  the  reproducibility  of  experimental 
results,  deviation  may  be  introduced  particularly  by  the  variations 
of  the  outdoor  air  temperature  and  initial  temperature  distribution 
within  the  PCM  heat  storage  as  these  two  temperatures  were  not 
precisely  controlled  in  this  study.  If  the  average  outdoor  air  tem¬ 
perature  for  mode  1  and  average  PCM  initial  temperature  for  mode 
2  would  be  maintained  in  future  experiments,  the  deviation  shall 
be  limited. 


6COPc  = 


E 

i  =  i 


dCOPc 

^air, outlet 


dZ 


air, outlet 


+  E 

i=l 


dCOPc 
^air,  inlet 


^air, inlet 


(14) 


666 


D.  Zhao,  G.  Tan  /  Energy  68  (2014)  658-666 


5.  Conclusions 

To  enhance  thermoelectric  cooling  system’s  efficiency  in  space 
cooling  application,  a  prototype  thermoelectric  cooling  system  in¬ 
tegrated  with  PCM  heat  storage  has  been  introduced  in  this  paper. 
Performance  of  the  thermoelectric  modules  has  been  analyzed 
using  a  simplified  analytical  model,  and  the  results  from  evaluating 
modules’  theoretical  performance  provided  balance  between  the 
cooling  efficiency  and  capacity  for  setting-up  experimental  opera¬ 
tions.  Experiments  have  been  conducted  to  evaluate  the  thermo¬ 
electric  cooling  system’s  performance  and  comparison 
experimental  study  has  been  used  to  show  the  efficacy  of  PCM  heat 
storage  in  terms  of  energy  savings  and  effective  COP.  The  following 
conclusions  can  be  obtained  from  the  study: 

•  For  a  2-h  chamber  cooling  experiment,  the  thermoelectric 
cooling  system’s  average  COP  has  been  found  being  0.87,  with  a 
maximum  COP  value  of  1.22.  The  air  temperature  difference 
between  the  chamber  (representing  a  model  room)  and  the  lab 
room  (representing  outdoor  environment)  on  average  was 
about  7  °C.  The  maximum  cooling  capacity  achieved  was  210  W. 

•  Natural  convection  during  PCM  charging  (melting)  process  has  a 
noticeable  effect  on  heat  transfer  in  PCM,  especially  in  the 
melting  stage  when  there  is  a  large  temperature  difference  in¬ 
side  the  PCM. 

•  Comparison  experimental  study  showed  that  35.3%  electrical 
energy  has  been  saved  in  the  prototype  thermoelectric  cooling 
system  through  using  PCM  heat  storage  under  the  condition 
that  outdoor  air  temperature  was  in  the  range  of  30-33  °C  and 
the  conditioned  space  was  set  for  being  cooled  at  24  °C. 

This  PCM  heat  storage  system  is  a  short-term  diurnal  thermal 
storage  application,  which  is  suitable  for  areas  that  have  large 
temperature  differences  between  day  and  night.  For  future’s  spe¬ 
cific  cooling  application,  the  volume  of  PCM  (or  total  heat  storage 
capacity)  needed  should  be  computed  according  to  the  cooling  load 
and  weather  condition.  Moreover,  for  system’s  flexible  operation, 
the  PCM  charging  speed  should  be  controllable  using  the  HTF  cir¬ 
culation  pump.  Besides  integrating  with  thermoelectric  cooling 
system,  this  PCM  integrated  approach  can  be  applied  to  other 
systems  such  as  the  conventional  air-conditioners.  The  thermo¬ 
electric  module  used  in  this  work  has  a  figure-of-merit  ZT  value  of 
only  0.74.  If  the  ZT  factor  of  the  thermoelectric  material  could  be 
further  improved  and  increased  to,  for  example,  2.0  in  the  next 
decade,  the  COP  value  and  energy  saving  of  this  thermoelectric 
cooling  system  could  be  further  increased. 
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